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In previous studies we have endeavoured to isolate from pig gastric mucus, in an as undegraded state as possible, a covalent glycoprotein entity that retains the gel-forming properties of the native mucus (Allen et al., 1976; Allen, 1978) . A glycoprotein of consistent chemical analysis, of 4,. ,33S and molecular weight 1V,,~-2.1 x lo6, MW-2.3x lo6 has been isolated after extraction in 0 . 2~-N a C l and equilibrium centrifugation in a CsCl density gradient (Starkey et al., 1974; Snary et al., 1974) . Reduction of the disulphide bridges in 0.2 M-mercaptoethanol, or proteolysis, dissociated the glycoprotein into subunits of s9,~,15-18S and Ms.D -5.2 x lo5 (Snary et al., 1970; Scawen & Allen, 1977) .
At concentrations of 50mg/ml (the concentration of glycoprotein in the native mucus) this isolated 33s glycoprotein showed the same rheological properties as the native mucus gel (Bell et al., 1982) . More recently, preparations of considerably higher molecular weight, 45 x lo6, have been isolated from pig gastric mucus in the presence of guanidinium chloride and proteinase inhibitors including di-isopropylphosphofluoridate (Carlstedt & Sheehan, 1983; Hutton et al., 1983) .
We have investigated the size heterogeneity of gastric mucous glycoprotein preparations extracted and fractionated, by equilibrium centrifugation in 3.5 M-cscl density gradients, in the following solutions: (1) extraction into 0.2~-NaCl (NaCl, CsCl); (2) extraction into 4M-guanidinum chloride (GuHCl, CsCl); (3) extraction into a mixture of the following proteinase inhibitors : 1 .OmM-phenylmethylsulphonyl fluoride, 100mM-wamino hexanoic acid, SmM-benzamidine HCl, 1 .Omg/l soya bean trypsin inhibitor, 1OmM-Na,EDTA and 0.05~-iodoacetate, pH6.5 (PI, CsCl) (Pearson & Mason, 1977) ; (4) extraction into di-isopropylphosphofluoridate, 6~-guanidinium chloride, 5 mM-Na, EDTA, 5mM-N-ethylmaleimide, pH 6.5 (DIPF, CsCl) (Carlstedt et al., 1983) .
Isolation of the gastric mucous glycoprotein by method (1) (NaCl, CsCl) gave a preparation that sedimented as a single peak of sq5,,29-33S and by low speed equilibrium sedimentation a molecular weight of 2.3 x lo6 was obtained, confirming previous studies. Preparations with similar characteristics were obtained whether or not thiol exchange was inhibited by the inclusion of iodoacetate in the original extraction mixture or whether extraction was performed at pH 8 or pH 6. Similarly, extraction by brief homogenization (1 min), by stirring for 15 h or by dialysis for 24 h also gave glycoprotein preparations with the same sedimentation characteristics. This showed that breakage of covalent bonds by shear was not a factor in the solubilization of the glycoprotein by homogenization, although the latter solubilized over 90% by wt. of the total glycoprotein, while stirring or dialysis solubilized between 25 and 75% by wt.
Preparations isolated by extraction of the glycoprotein into guanidinium chloride (including GuHCI, PI, CsCl and GuHCl, DIPF, CsCl) all gave heterogeneous material when analysed by sedimentation analysis (Table I) . A major peak with s9, , , values between 48s and 110s was always present together with slower sedimenting material, which in some cases could be measured and shown to have an s?,,, of 30-35s. These results were explicable from previous work which showed that following exposure to 4~-guanidinium chloride the 33 S glycoprotein aggregated to give a glycoproteinof 52s and M, -8.2 x lo6 (Snaryetal., 1974) . On reduction with 0.2~~mercaptoethanoI the glycoproteins isolated in N-ethylmaleimide (GuHCl, DIPF, CsCl) or iodoacetate (in NaCl, CsCI) both gave single unimodal peaks of s'?,.,15S, the value for the reduced subunit of molecular weight 5 x lo5. This result would seem to eliminate the possibility of proteolysis activated by mercaptoethanol, which has been suggested as a mechanism for the reduction of bronchial mucous glycoprotein (Houdret et al., 1983) .
Extraction of glycoproteins by the solutions of proteinase inhibitors alone, (PI, CsCl or DIPF, CsCl) also resulted in glycoprotein preparations that were heterogeneous by sedimentation analysis (Table 1) . A very broad peak of sqS,,5& 60s was again observed, usually slower sedimenting material of about 33s was present and there was a loss of fast sedimenting material during the sedimentation run. These larger sized heterogenous glycoprotein preparations obtained following extraction in solvents containing guanidinium chloride and/or proteolytic inhibitors were considered to be non-covalent aggregates of the 33s glycopro- minor peak of lower s* minor peak of lower s* 2.4 x lo6 M , which spread too quickly for measurement tein for the following reasons. After heating at 100°C in 1% sodium dodecyl sulphate, 0 . 2~-N a c I for IOmin the gross heterogeneity characteristic of these preparations disappeared and they sedimented as a unimodal polydisperse peak, s$s,w of 3Cb378. Further, after heating at 100°C in 0 . 2~-N a C l for IOmin a preparation of GuHCI, DIPF, CsCl glycoprotein sedimented as a single peak of molecular weight 2.4 x lo6 (measured by equilibrium sedimentation at low speed). The dissociation on heating of cervical mucous glycoprotein has been reported to be due to fission of sensitive covalent peptide bonds involving particularly aspartic acid (Meyer & Paradossi, 1983) . However, this is not thought to be the explanation for our results. Firstly, heat dissociation of the high s value gastric mucous glycoproteins was very rapid and complete in IOmin, and secondly the result of N-terminal analysis of these glycoprotein preparations were the same as those for the 3 3 s material prepared in CsCl alone (Burgess & Allen, 1983) . It is unlikely that the same N-terminal amino acids would be present in both the larger sized material and the 33s glycoprotein if the latter was a cleavage product of the former. The 3 3 s glycoprotein VOl. 12 is sensitive to a variety of added proteinases (e.g. Pronase, papain, pepsin and trypsin) and the breakdown products are readily identifiable by gel filtration on Sepharose 2B (Pearson et al., 1980) . Therefore if proteolysis was occurring during isolation of the 33s glycoprotein one would have to account for why its further breakdown into degraded subunits did not occur.
The potential for aggregation in the purified 338 glycoprotein is shown by the formation of faster sedimenting material following treatment with guanidinium chloride (~44.~52s and 76S), although such aggregation was not observed after treatment of the 3 3 s glycoprotein with proteinase inhibitors alone. Recently lipids have been shown to be very strongly bound to gastric mucous glycoproteins (Witas et al., 1983) . A predominantly hydrophobic association could account for the characteristics of aggregation of the 3 3 s glycoprotein. Lipases which might normally reverse such aggregation could be inhibited by the mixture of proteinase inhibitors. A summary of the results showing aggregation and dissociation of the sg5, glycoprotein preparations is shown in Fig. 1 . A significant feature of these glycoprotein aggregates was that, while highly viscous, they did not form a gel at glycoprotein concentrations equivalent to those found in the native mucus. Thus preparations of glycoprotein aggregate (both GuHCI, DIPF, CsCl and PI, CsCl) formed viscous opalescent solutions with the glycoprotein coming out of the solution when concentrated to between 30 and 50mg/ml and this contrasted with the 3 3 s glycoprotein that formed a gel. Also heating fresh mucus gel for lOmin at 100°C in 1% sodium dodecyl sulphate/0.2~-NaCl did not dissolve the gel, which would have been expected if the glycoprotein aggregates, as opposed to the 3 3 s glycoprotein, were part of the gel matrix structure in the native mucus. For these reasons it is considered that this higher s value non-covalently aggregated glycoprotein preparation obtained following extraction in guanidinium chloride and/or inhibitors reflects the isolation method rather than the native state of the glycoprotein in the gel.
Another example of heterogeneity was that seen in preparations of gastric mucous glycoprotein extracted and fractionated by gel filtration on Sepharose 2B without a CsCl density gradient step. This material had a lower s9,,.,20S, than the 3 3 s glycoprotein but the same molecular weight, 2 x lo6, again confirming previous observations . During sedimentation of this glycoprotein (4B) large material was observed to sediment rapidly between lOO000 and 15000rev./min and was quantified by loss of fringes. The amount of this large material sedimenting was between 20 and 70% of the total glycoprotein and was most in preparations of higher concentration and those which had been concentrated by vacuum dialysis. However, the 3 3 s glycoprotein, (NaCl, CsCI) isolated in a CsCl density gradient, showed no such loss of material from under the unimodal peak with no difference between the fringe counts before and after sedimentation.
The 33 S glycoprotein consistently shows a molecular weight of 2 x lo6 and the reduced subunits of 5 x lo6, therefore it can be said that the 3 3 s glycoprotein is a polymer of an average of four subunits per molecule (Snary et al., 1970; Allen, 1978) . To investigate the extent of polydispersity of size within the glycoprotein the distribution of sedimentation coefficient was measured by the method of Hascall & Sadjera (1968) . For both the undegraded 3 3 s glycoprotein and the reduced 15 S glycoprotein the distribution of sedimentation coefficients was broad, unimodal and independent of time of sedimentation (i.e. not due to diffusion) (Fig. 2) . The majority of the material sedimented under a relatively narrow range of s and this observed polydispersity was present in both the polymeric glycoprotein and its subunits. Therefore much of the observed polydispersity is characteristic of the individual subunits themselves and could be explained by differences in the number and size of carbohydrate chains per glycoprotein subunit together with consequent changes in glycoprotein conformation. Conformational changes in the glycoprotein both reversible (low ionic strength) and irreversible (in CsCl) have been shown to occur without changes in molecular weight Allen, 1978) .
This study emphasizes the homogeneity of the 3 3 s glycoprotein from pig gastric mucus and the importance of controlling exactly the conditions of extraction and fractionation before glycoproteins even from the same source can be directly compared.
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The macromolecules responsible for the characteristic physical properties of mucus are high-Mr glycoproteins usually referred to as the mucus glycoproteins or the mucins. In order to arrive at realistic models for how these macromolecules participate in the formation of mucus and in the regulation of its properties, basic information concerning the size, configuration and 'architecture' of undegraded mucins representative of those present in situ must be available. Because investigators use different methods for the isolation of the macromolecules it was considered of interest to compare the physical properties of mucins obtained from a number of sources but extracted and purified with the same procedure. The macromolecules were solubilized by using slow stirring in a denaturing buffer supplemented with low-M, proteinase inhibitors to avoid, as far as possible, mechanical and enzymic degradation of the macromolecules (Carlstedt et al., 1983a) . We maintain the attitude, however, that expressions such as 'native' and 'undegraded' mucins should be used with discretion until relevant criteria for their 'true' size and 'physiological' conformation are available.
Isolation and purification
Mucins were extracted from human cervical and pig gastric mucus as well as chronic bronchitic sputum by using gentle stirring in 6~-guanidinium chloride. Di-isopropylphosphorofluoridate and EDTA were used to inhibit serineand metalloproteinases, respectively, whereas the addition of N-ethylmaleimide served the dual purpose of inhibiting thiolproteinases and minimizing the potential for thioldisulphide exchange. After high-speed centrifugation, the soluble mucins were subjected to isopycnic density-gradient centrifugation in CsC1/4M-guanidinium chloride to remove non-mucin proteins. Purification from nucleic acids was then achieved by using isopycnic density-gradient centrifugation in CsC1/0.2M-guanidinium chloride. In order to examine the effects of guanidinium chloride and of high shear on the macromolecules, pig gastric mucus was also homogenized in 6~-guanidinium chloride or in 0 . 2~-N a C l (both with proteinase inhibitors) for 60s with a Waring Blender. The latter macromolecules will be referred to below as 'high-shear'-extracted mucins and were purified as described for those solubilized by using slow stirring.
The purified mucins were stored as solutions in guanidinium chloride because dialysis against water followed by freeze-drying provided a preparation which was difficult to dissolve even in denaturing solvents. Purity and homogeneity were assessed by analytical density-gradient centrifugation (CsC1/4M-guanidinium chloride) and sedimentation-velocity (6~-guanidinium chloride). The macromolecules appeared as single, unimodal, although polydisperse, peaks and were thus regarded as homogenous with respect to size and buoyant density (Gibbons, 1963) . Subunits were obtained by reduction in 6~-guanidinium chloride/5 mMNa2EDTA/ lOmM-dithiothreitol/O. 1 M-Tris/HCl buffer, pH8.0, for 5 h at 37°C. Subsequent alkylation was performed with a 2.5-fold molar excess of iodoacetamide over dithiothreitol in the dark overnight. Trypsin digestion of 'subunits' was carried out in 0.1 M-Tris/HCI buffer, pH 8.0, for 5 h at 37°C.
Physical studies
The whole mucins and the fragments were studied with the use of laser light-scattering (total intensity measurements as well as photon correlation spectroscopy) and sedimentation-velocity. Measurements were performed in 6~-guanidinium chloride/l mM-Na,EDTA/I mM-sodium phosphate buffer, pH 6.5, to avoid a possible tendency of the mucins to self-associate.
A Malvern Molecular Analyser System 4300 (5mW He/Ne laser; 48-channel K7023 correlator) was used for quasi-elastic measurements. The logarithm of the photoncount autocorrelation function was fitted to a second-order polynomial and the apparent translational diffusion coefficient (&) was determined from the linear term of the quadratic fit. Readings were extrapolated to 8 = 0 and the apparent diffusion coefficients were then extrapolated to zero concentration and corrected to standard conditions (water, 20°C). Total-intensity measurements were performed with the photomultiplier of the Malvern instrument connected to a photon-count ratemeter. The instrument was calibrated as described previously (Sheehan & Carlstedt, 1984) and data were plotted in accordance with Zimm (1948) . The radius of gyration (Rc) and the weight-average M , were determined as described in standard textbooks (Tanford, 1961) .
Sedimentation-velocity experiments were performed with an MSE 75 analytical ultracentrifuge (Centriscan) with the schlieren optics. The apparent sedimentation coefficients were determined from the peak positions and l/sapp. was extrapolated to zefo concentration and corrected to standard conditions (water, 20°C).
Results and discussion
The results of the physical measurements are summarized in Table 1 . The gastric mucins obtained after high-speed homogenization in either 6~-guanidinium chloride or 0.2M-NaCl are considerably smaller than those solubilized by using gentle stirring although significantly greater than those described by Snary et al. (1970) . We believe that the gel, when subjected to high shear forces, is solubilized partly owing to covalent bond cleavage, because the mucins are not allowed time enough to disentangle. Strong non-covalent interactions between the mucins would enhance this effect. Such bonds are, however, likely to be 'weakened' by guanidinium chloride and the mucins would thus 'escape' more easily into solution, explaining why mucins extracted by high-shear in guanidinium chloride are larger than those solubilized in 0 . 2~-N a C l . Apart from data reported by Meyer (1983) the values of M , for the respiratory and cervical mucins studied here are higher than those generally VOl. 12
